Introduction {#S1}
============

Bright and photostable quantum dots (QDs) with size-tunable fluorescence emission properties are widely employed tools^[@R1],[@R2],[@R3]^ for imaging cellular structures^[@R4],[@R5],[@R6]^ and events^[@R7],[@R8]^. The small diameters and tailorable surface functionalities of QDs have resulted in their widespread use in whole animal^[@R9]^ and cellular imaging^[@R1],[@R2],[@R3]^ applications. For these applications QDs are functionalized with hydrophilic monolayers to increase their water solubility^[@R10],[@R11],[@R12]^, and with functional groups for targeting and biomolecular recognition^[@R11],[@R12]^. QDs with heterobifunctional thiol monolayers^[@R11],[@R12]^ provide much smaller hydrodynamic diameters (\~4--10 nm) than other surface modification methods such as amphiphilic polymer encapsulation^[@R1]^, an important issue for both cellular^[@R12]^ and *in vivo* applications^[@R9]^ where larger particle size generates issues in terms of uptake and excretion. These functionalized thiol-based monolayers minimize non-specific binding and improve colloidal stability^[@R11],[@R12]^. For example, monolayers with dihydrolipoic acid anchor groups, poly(ethylene glycol) (PEG) spacers, and streptavidin or fluorescent dye end groups have been used for single molecule tracking and sensing inside cells^[@R12]^. Improvements to the colloidal and pH stability of these functionalized QDs have been made by tuning the monolayer structure. For example, Mattoussi *et al*. showed that monolayers with multidentate thiolate anchor groups are more stable under a variety of environmental conditions than monolayers with monothiolate anchor groups^[@R13]^.

Effective use of functionalized QDs for imaging and sensing in living cells and animals, however, requires an accurate assessment of monolayer stability. Monolayer degradation will compromise the QD utility; biogenic thiols such as cysteine and glutathione (GSH) with intracellular concentrations as high as 10 mM can displace thiolate-bound ligands from nanoparticle surfaces^[@R14],[@R15],[@R16],[@R17]^. The resultant loss of the protective monolayer coating results in QD aggregation in cells resulting in toxicity^[@R18]^. Moreover, if the QD monolayer contains a targeting antibody or ligand for the purpose of tracking a given protein/receptor^[@R7],[@R8]^, monolayer loss will diminish or eliminate targeting, providing misleading or irreproducible results. Finally, monolayer displacement modifes QD optical properties; QDs coated with GSH or cysteine have shown reduced blinking^[@R19]^ and enhanced emission intensity^[@R19],[@R20],[@R21]^, making monolayer stability an important issue for quantitative applications.

Clearly monolayer stability is required for effective applications of QDs in biology. To date, however, the intracellular stability of QD monolayers has not been quantified due to inadequate measurement tools. Here, we describe a new method based on the combination of laser desorption/ionization mass spectrometry (LDI-MS) and inductively coupled plasma mass spectrometry (ICP-MS) that enables QD monolayer stability to be quantitatively assessed inside cells ([Fig. 1c](#F1){ref-type="fig"}). We demonstrate the utility of this new approach by comparing the stability of four cationic CdSe/ZnS QDs ([Fig. 1a](#F1){ref-type="fig"}) with the same dithiolate monolayer but different particle sizes/colors, with core diameters ranging from 2.9 nm to 5.9 nm ([Fig. 1b](#F1){ref-type="fig"} and [Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}) and hydrodynamic diameters of 8 nm to 18 nm ([Supplementary Fig. S2](#SD1){ref-type="supplementary-material"}). We also compare the stability of QDs functionalized with dithiolate and monothiolate groups. In this method, the total amount of the QDs taken up by the cells is first quantified using ICP-MS. In a parallel measurement, monolayer amount on QD surface is measured by LDI-MS. The difference between the QD amount as determined by ICP-MS and monolayer amount as determined by LDI-MS provides the amount of monolayer released from the QD, providing quantitation of intracellular monolayer stability.

Results and discussion {#S2}
======================

Previously, we demonstrated that thiolate-bound monolayers on gold nanoparticles (AuNPs) can be desorbed and ionized by UV laser irradiation and then readily detected by MS, even in the presence of cellular constituents^[@R22],[@R23],[@R24]^. Monolayer ions and their fragments are generated during the LDI process and act as "mass barcodes" that can be used for NP identification and quantitation^[@R22]^. QD cores absorb UV laser energy in similar fashion, enabling the monolayer ligands to likewise be efficiently desorbed and ionized without the addition of matrices used in MALDI-MS (see [Supplementary Fig. S4](#SD1){ref-type="supplementary-material"} for typical LDI mass spectra of pure QDs). For example, spiking QD595 into cell lysate and then analyzing it via LDI-MS gives rise to a spectrum ([Fig. 2a](#F2){ref-type="fig"}) in which the monolayer ligand (*m/z* 426) and its fragment ions (e.g., *m/z* 392) can be readily observed. Similar spectra were obtained for the other QDs spiked into the cell lysate ([Supplementary Fig. S5](#SD1){ref-type="supplementary-material"}). The absence of matrix allows us to see only ligands attached to the QD and not free ligands in cellular material ([Supplementary Fig. S6](#SD1){ref-type="supplementary-material"}), a key requirement for assessing stability. The ion signals for the monolayer ligand and/or fragments (e.g., *m/z* 392) can therefore be along with an appropriate internal standard to determine the amount of ligands attached to the QDs in complex cellular samples.

The ability of the LDI-MS to measure the amounts of QD monolayers was first validated using cell lysate with known amounts of QDs spiked. As an example, 4000 fmol of QD535 was spiked into HeLa cell lysate with and without GSH added ([Fig. 2b and c](#F2){ref-type="fig"}). After incubating this QD in cell lysate for 3 h, the solutions were mixed with internal standard QD-IS (800 fmol), and analyzed by LDI-MS ([Fig. 2b](#F2){ref-type="fig"}). The "mass barcode" abundance ratio of QD535 (*m/z* 392) relative to QD-IS (*m/z* 464) is 1.34 ± 0.07. Applying the calibration curve ([Fig. 2d](#F2){ref-type="fig"}), in which the "mass barcode" ratios are correlated with monolayer concentration ratios, QD535 monolayer amount is determined as 4100 ± 200 fmol (blue column in [Fig. 2e](#F2){ref-type="fig"}). Note that we defined that one QD particle has one intact surface monolayer. Consequently, on the calibration curve the QD concentration and the monolayer concentration are the same. Considering that 4000 fmol of QD535 was initially spiked into lysate, this result indicates that no monolayer release was observed, and the recovery rate is 103 ± 5%. For comparison, the ion abundance ratio of QD535 in cell lysate to which 10 mM GSH was added is 0.69 ± 0.05 ([Fig. 2c](#F2){ref-type="fig"}), which corresponds to 2100 ± 200 fmol of monolayer (red column in [Fig. 2e](#F2){ref-type="fig"}). Therefore, this result indicates that only 53 ± 5% of the original monolayer of QD535 remains after exposure to 10 mM GSH. The same experiments were also done for the other five QDs, and in each case GSH causes monolayer release ([Supplementary Fig. S7](#SD1){ref-type="supplementary-material"}).

Determination of the monolayer stability of QD in living cells was obtained using QDs with positively-charged monolayers (see [Supplementary Fig. S2a](#SD1){ref-type="supplementary-material"} for QD zeta potentials) designed to facilitate uptake^[@R22]^. Confocal microscopy was used to visualize the cellular uptake of QDs ([Supplementary Fig. S8](#SD1){ref-type="supplementary-material"}). Our previous work^[@R22]^ and others^[@R25]^ have shown that the cellular uptake of cationic nanoparticles can occur through endocytosis, consistent with our observations. Confocal microscopy images ([Supplementary Fig. S8](#SD1){ref-type="supplementary-material"}) of the QDs used in this study demonstrate that different sized QDs with the same surface functionality have the same intracellular distribution and are mostly found in lysosomes after 24 h incubation. Previous studies have shown that biogenic thiols like cysteine and cysteamine are actively accumulated in lysosomes to concentrations as high as tens of mM^[@R26],[@R27],[@R28]^, indicating a possible mechanism for QD monolayer release. Compared with the lysate studies, measuring intracellular particle stability introduces an additional complication in assessing monolayer stability, as cellular uptake of QDs will vary as a function of particle size^[@R29]^ and monolayer structure^[@R22]^. To address this issue, the total amount of the QDs taken up by the cells was first quantified using ICP-MS. Total Cd concentrations were measured and then converted to particle amounts ([Equation 4 in Supplementary Information](#SD1){ref-type="supplementary-material"}). In parallel, a fraction of the same sample was analyzed by LDI-MS to determine the monolayer amounts remaining on the QD surface (calibration curves are shown in [Supplementary Fig. S9](#SD1){ref-type="supplementary-material"}). The difference between the QD particle amount in cells as determined by ICP-MS and monolayer amount left on QD surface as determined by LDI-MS provides the amount of monolayer released from the QD ([Fig. 1c](#F1){ref-type="fig"}).

For our studies, each of the five QDs (QD535, QD565, QD595, QD630, and QD535(m)) was incubated with HeLa cells for 3 h, 6 h, 9 h, and 24 h. No cell morphology changes were observed after incubation. At each time point, the cells were lysed, and then analyzed for Cd (ICP-MS) and monolayers (LDI-MS). Representative LDI mass spectra at each time point are shown in [Supplementary Fig. S10](#SD1){ref-type="supplementary-material"}, with the overall results are summarized in [Fig. 3a--e](#F3){ref-type="fig"}. For each QD, uptake of QD particles as determined by ICP-MS increases with time ([Figure 3a--e](#F3){ref-type="fig"} \[black curves\]). The monolayer amount as determined by LDI-MS ([Fig. 3a--e](#F3){ref-type="fig"} \[red curves\]), however, varies over time depending on both QD particle size and the monolayer structure.

From the results in [Fig. 3a--d](#F3){ref-type="fig"}, it is clear that monolayer stability decreases as QD particle size increases. If the monolayer percentages remaining on the QDs are plotted as a function of time ([Fig. 3f](#F3){ref-type="fig"}), only the smallest QD with the dithiolate monolayer (QD535) is stable for up to 24 h, with all the larger particles showing monolayer losses of 31--71%. Control experiments ([Supplementary Fig. S11](#SD1){ref-type="supplementary-material"}) verify that all of these QDs are stable in cell culture media and cell lysate, indicating that monolayer release happens only inside living cells, presumably through displacement with biogenic thiols. The size dependent monolayer stability is most likely related to nanoparticle curvature and surface coverage, as experimental and theoretical studies have shown that larger nanoparticles with flatter surfaces lead to less surface coverage than smaller more strongly curved nanoparticles^[@R30],[@R31],[@R32]^. Consequently, there are more free surface atoms (e.g., Zn for the QDs in this study) on larger particles, enabling greater accessibility for biogenic GSH and/or other thiols. Similar phenomena were reported by Mattoussi and coworkers for AuNPs, observing that 5 nm AuNPs are more resistant to decomposition by sodium cyanide than 10 or 15 nm AuNPs with the same dithiolate monolayer^[@R33]^.

Our results indicate that the monolayer anchor groups (monothiol vs. dithiol) also affect QD monolayer stability. Previous work has shown that dithiolate ligands enhance the colloidal and pH stability of gold NPs and QDs relative to monothiolate groups^[@R11],[@R33]^. Our experiments provide a quantitative measure of this increased stability in live cells by comparing mono- and dithiol QDs (QD535 and QD535(m)) with the same core diameter ([Fig. 3a and e](#F3){ref-type="fig"}). These studies confirm that the dithiolate anchor group provides significantly greater intracellular monolayer stability than the monothiolate group: after 24 h 40% of the monothiolate-bound monolayer is lost while complete monolayer retention is observed with the dithiolate monolayer ([Fig. 3f](#F3){ref-type="fig"}). Note that QD535 and QD535(m) have 5 and 11 carbons in the hydrophobic alkane chain, respectively. For a better comparison, another QD535(m) with 5 carbons in the hydrophobic part was also synthesized, however, the shorter alkane chain together with monothiol anchor group produced unstable QDs. These results further highlight the importance of the anchor groups and ligand hydrophobicityon QD stability.

As the most abundant thiol species in the cells, GSH is also one of the most promising in situ triggers for the intracellular release of QD monolayers. The role of GSH in intracellular monolayer degradation was further established by incubating HeLa cells with 10 mM glutathione monoethyl ester (GSH-OEt)^[@R16]^, increasing the intracellular GSH concentration by 150% ([Supplementary Fig. S13](#SD1){ref-type="supplementary-material"}), without changing other cellular properties. As a neutral molecule, GSH-OEt efficiently penetrates cell membranes, including sub-cellular lysosome membranes, and rapidly hydrolyzes to generate GSH^[@R34]^, thus offering a simple method to increase GSH concentrations both in the cytosol and lysosome. It is clear that increased cellular concentrations of GSH leads to increased monolayer release ([Fig. 4](#F4){ref-type="fig"}). For example, the retained monolayer on QD595 decreases from 63 ± 6% in the untreated HeLa cells to 33 ± 3% in the GSH-OEt treated cells. The manipulation of GSH concentrations in living cells provides a viable means of controlling monolayer stability.

In summary, we have developed a quantitative tool for measuring of QD monolayer stability in cells using a combination of LDI-MS and ICP-MS. Using this method, we find that monolayer stability decreases as QD particle size increases. The smallest QD studied, (2.9 nm core diameter), shows excellent stability in cells for up to 24 h. In contrast, the largest QD (5.9 nm core diameter) loses \~70% of its monolayer over the same 24 h. Similar differences in stability were observed when a dithiolate monolayer is replaced by a monothiolate monolayer, with monolayer stability decreasing by 40%. Taken together, these studies show that proper choice of both particle size and monolayer structure is critical for live-cell imaging applications. Our study indicates several strategies to create QDs with superior monolayer stability by choosing relatively smaller QDs and using bidentate ligands, e.g., dithiolate. Given the importance of Qds for live cell imaging, our studies likewise demonstrate the continuing need for more stable QD functionalization strategies.

Methods {#S3}
=======

QD synthesis {#S4}
------------

The TOPO capped CdSe/ZnS core-shell QDs were prepared according to reported procedures^[@R35]^. After that, ligand place-exchange reactions^[@R35]^ were used to obtain the QDs shown in [Fig. 1a](#F1){ref-type="fig"} (see [Supplementary Information](#SD1){ref-type="supplementary-material"} for details).

Cell culture and cellular uptake of QDs {#S5}
---------------------------------------

HeLa cells (60,000 cells/well) were grown on a 24-well plate in low-glucose Dulbecco's modified Eagle's medium (DMEM; glucose (1.0 g L^−1^)) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics (100 I.U./ml penicillin and 100 μg/ml streptomycin). Cultures were maintained at 37 °C under constant saturated humidity with 5% CO~2~. After 24 h of plating, the cells were washed five times with cold phosphate buffer saline (PBS). Then, 500 μL of media containing QD (120 nM for QD535, QD565, QD595, and QD630; 240 nM for QD535(m)) was added. Following a certain culture time (3 h, 6 h, 9 h, or 24 h), the cells were washed five times with cold PBS to remove extra QDs and lysed for 10--30 min with a lysis buffer (200 μL; Genlantis, USA). Each sample was prepared in six replicates, which were split with half being separately analyzed by ICP-MS and LDI-MS. To prepare cell lysates, HeLa cells (60,000 cells/well) were grown on a 24-well plate for 24 h, and lysed with 200 μL of lysis buffer. To increase the intracellular concentration of GSH, 200 μL of media containing 10 mM glutathione ethyl ester (Sigma, USA) was incubated with HeLa cells for 1 h, and then replaced by media containing QD for a further 6 h incubation. The intracellular concentration of total GSH was measured using the glutathione detection kit (BioVision, USA).

ICP-MS sample preparation and measurements {#S6}
------------------------------------------

After cellular uptake, the lysed cells were digested with 0.5 mL of fresh *aqua regia (highly corrosive and must be use with extreme caution!)* for 10 minutes. The digested samples were diluted into 10 mL with de-ionized water. A series of cadmium standard solutions (10, 5, 2, 1, 0.5, 0.2, 0 ppb) were prepared before each experiment. Each cadmium standard solution also contained 5% *aqua regia*. The cadmium standard solutions and QD sample solutions were measured on an Elan 6100 ICP mass spectrometer (PerkinElmer SCIEX, USA). The instrument was operated with 1100 W RF power, and the nebulizer Ar flow rate was optimized around 0.9--1.1 L/min.

LDI-MS sample preparation and measurements {#S7}
------------------------------------------

After cellular uptake, the lysed cells were mixed for 15 min with QD-IS (typically 400 or 800 fmol) as the internal standard. Following ultracentrifugation at 60,000 rpm (\~139,000 g) for 20 min, the QDs taken up by cells and the internal standard were collected as part of precipitate and washed with 60% acetonitrile/40% water. Later, the samples were transferred onto a MALDI target for LDI-MS analysis without adding any organic matrix. External calibration curves were generated before sample analyses. Each QD with the QD-IS at different ratios were spiked into cell lysate and vortexed for 15 min. The QD mixtures were collected by the centrifugation, washed, and analyzed by LDI-MS. The intensity ratios of the "mass barcode" ions for QDs and QD-IS were determined and plotted against the QD concentration ratios to generate a calibration curve ([Supplementary Fig. S9](#SD1){ref-type="supplementary-material"}). The QD monolayer amounts were then determined by using the internal standard and comparing to the calibration curve. To measure monolayer stability in cell lysate ([Fig. 2](#F2){ref-type="fig"}), 4000 fmol of QD535 was spiked into HeLa cell lysate (200 μL) with and without added 10 mM GSH. After incubating this QD in cell lysate at 37 °C for 3 h, 800 fmol of QD-IS was added. Then, the mixture was immediately centrifuged, and the resulting precipitate was subjected to LDI-MS analysis. All of the LDI-MS measurements were carried on a Bruker Autoflex III MALDI-TOF mass spectrometer (Billerica, MA, USA). All mass spectra were acquired in the reflectron mode and represent an average of 500 laser shots at a repetition frequency at 100 Hz. The accelerating voltage was set to 19 kV. The laser power was optimized in the range of 50--90 % for each sample. The Bruker software (FlexAnalysis Version 3.3) was used for data analysis. Each sample was measured 10 times.
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![Quantification of QD stability in cells using Integrated ICP-MS and LDI-MS\
**a**, Structural illustrations of the six monolayer-protected CdSe/ZnS QDs used in this study. Four QDs have the same dithiolate monolayer (QD535, QD565, QD595, and QD630), while the QD535(m) has a monothiolate monolayer but the same core size as QD535. QD-IS was used as the internal standard for MS quantitation. **b**, Fluorescence emission maxima and particle sizes of QDs ([Supplementary Fig. S1-3](#SD1){ref-type="supplementary-material"}). The "mass barcode" is the mass-to-charge ratio (*m/z*) of the ligand ion used for quantitation of the QD monolayer. **c**, Parallel measurement of total QD uptake and monolayer amounts inside cells using ICP-MS and LDI-MS, respectively. The difference between the values obtained by ICP-MS and LDI-MS represents the amount of monolayer released from the QDs inside the cells.](nihms325600f1){#F1}

![LDI-MS measurements of monolayer amounts on QDs\
**a**, The LDI-MS process and a representative LDI mass spectrum of QD595 (400 fmol) spiked into cell lysate. The fragment ion (\[M-H~2~S\]^+^) ion at *m/z* 392 was chosen as "mass barcode" for quantitation of QD595. **b**, **c**, LDI mass spectra of QD535 (*m/z* 392) and the internal standard QD-IS (*m/z* 464) in cell lysate (**b**) and cell lysate containing 10 mM GSH (**c**) after incubation at 37 °C for 3 h. QD535 (4000 fmol) was spiked into the cell lysate before incubation, and 800 fmol of QD-IS was added just prior to analysis. **d**, Calibration curve: Ion abundance ratios from QD535 (*m/z* 392) and QD-IS (*m/z* 464) for QD535 (400 -- 9600 fmol) and QD-IS(800 fmol). **e**, Remaining monolayer of QD535 without (blue) and with (red) the addition of GSH to the cell lysate, showing substantial monolayer degradation with the presence of GSH in lysate.](nihms325600f2){#F2}

![Measurement of monolayer release from QDs in cells\
**a--e**, ICP-MS and LDI-MS measurements of QD535 (**a**), QD565 (**b**), QD595 (**c**), QD630 (**d**), and QD535(m) (**e**) after uptake by HeLa cells at varying time points (3 h, 6 h, 9 h, and 24 h). The difference between the values obtained by ICP-MS and LDI-MS represents the amount of monolayer released from the QDs. Incubation concentrations for QD535, QD565, QD595, and QD630 are 120 nM and for QD535(m) is 240 nM. **f**, Percentages of the monolayer remaining on the QDs upon uptake into HeLa cells. The results were calculated by comparing the LDI-MS and ICP-MS results shown in **a--e**.](nihms325600f3){#F3}

![QD monolayer stability as a function of intracellular GSH concentration\
A comparison of QD monolayer stability in two different cellular environments. HeLa (GSH-OEt) refers to HeLa cells treated with 10 mM glutathione monoethyl ester (GSH-OEt) for 1 h prior to incubation with the QDs. All QDs were incubated at 120 nM for 6 h.](nihms325600f4){#F4}
